Enzymatic biocatalysis can be limited by the necessity of soluble cofactors. Here, we introduced PEGylated nicotinamide adenine dinucleotide (NAD(H)) swing arms to two covalently fused dehydrogenase enzymes to eliminate their nicotinamide cofactor requirements. A formate dehydrogenase and cytosolic malate dehydrogenase were connected via SpyCatcher-SpyTag fusions. Bifunctionalized polyethylene glycol chains tethered NAD(H) to the fusion protein. This produced a formate:malate oxidoreductase that exhibited cofactor-independent ping-pong kinetics with predictable Michaelis constants. Kinetic modeling was used to explore the effective cofactor concentrations available for electron transfer in the complexes. This approach could be used to create additional cofactor-independent transhydrogenase biocatalysts by swapping fused dehydrogenases.
Introduction
Cofactor-dependent redox reactions are central to many biological processes. The diffusible molecules NAD(H) and NADP(H) provide a means to transport reducing equivalents between enzyme active sites, and the selective biomolecular recognition of these molecules allows for the co-localization of anabolic and catabolic reactions. There has been an increasing interest in using enzymes for in vitro biotransformations however the cofactor requirement presents several challenges Liu and Wang, 2007) . The nicotinamide cofactors are expensive, marginally stable, and they likely need to be separated and recycled away from downstream products.
These limitations have motivated the development of novel cofactor regeneration pathways as well as biomimetic cofactor replacements. For example, phosphite dehydrogenase and formate dehydrogenase (FDH) enzymes provide low-cost routes for regenerating cofactors for use in enzymatic reduction reactions. Protein engineering has been used to broaden the cofactor preference of an NAD(H)-dependent phosphite dehydrogenase to expand to enable regeneration of both cofactors (Woodyer et al., 2003) . Biomimetic cofactors have been explored to increase cofactor stability and potentially lower costs. An engineered thermostable alcohol dehydrogenase enzyme has been created that is able to use nicotinamide nucleotide mononucleotide (NMN(H)) as non-natural redox cofactor (Campbell et al., 2012) . Enzymes have been engineered to use synthetic cofactors such as 1-benzyl-1,4-dihydronicotinamide (BNAH) (Ryan et al., 2008) , and more recently other nicotinamide biomimetics are being explored (Knaus et al., 2016; Nowak et al., 2017) .
In another approach to address cofactor recycling challenges, there has also been interest in cofactor immobilization. NAD(H) has been attached to DNA and this has been used to swing the cofactor between DNA-immobilized enzymes (Fu et al., 2014) . We recently performed a systematic study of the effect of PEGylation of NAD(H) on the catalytic performance of two different redox enzymes, Saccharomyces cerevisiae FDH and Escherichia coli NAD(H)-dependent D-lactate dehydrogenase (nLDH). We discovered that altering the cofactor molecular weight (PEG-NAD + ) did not significantly affect the catalytic turnover number (k cat ) of FDH, and the catalytic efficiency (defined as k 1 k 3 /k 2 using individual mechanistic rate constants) of FDH with PEGylated cofactors was found to be 40-50% of that with unmodified cofactor (Ozbakir and Banta, 2018) . There has been a recent surge of interest in substrate channeling as a route towards increasing performance of enzymatic cascades. There has been debate over both the mechanisms and effectiveness of these strategies (Wu et al., 1991; Spivey and Ovadi, 1999; Poshyvailo et al., 2017) . Substrate channeling can be understood as a means to alter reactant/product concentrations near enzymatic active sites, preventing the molecules from equilibrating with the bulk solution. This can prevent the degradation of intermediate compounds by other enzymes, improve mass transfer rates between active sites and overcome unfavorable thermodynamic equilibrium constants (Conrado et al., 2008; Wheeldon et al., 2016) . In some cases, substrate channeling is accomplished by creating useful local chemical microenvironments (Zhang et al., 2016) , such as the charged patches found on the interface of the citrate synthase and mitochondrial malate dehydrogenase (mMDH) enzymes (Wu and Minteer, 2015; Bulutoglu et al., 2016) . And in other cases, substrate channeling occurs through the covalent attachment of intermediate molecules to the enzyme complexes through mobile 'swing arms' (Perham, 2000) . The canonical example of this mechanism is the pyruvate dehydrogenase complex, where lipoamide 'swing arms' deliver acetyl groups between active sites (Smolle and Lindsay, 2006; Wang, 2014) .
In redox enzymes, a unique form of substrate channeling is found in some transhydrogenase enzymes that tightly bind nicotinamide cofactors so that they cannot leave the protein and enable ping-pong kinetic activity. The (S)-lactate:oxaloacetate oxidoreductase enzyme from Veillonella atypica has a tightly bound NAD(H) molecule and converts (S)-lactate and oxaloacetate (OAA) to pyruvate and malate (Allen and Patil, 1972) . And the glucose:fructose oxidoreductase from Zymomonas mobilis has a tightly bound NADP(H) molecule and coverts glucose and fructose to sorbitol and gluconolactone with pingpong kinetics (Zachariou and Scopes, 1986) . Site-directed mutagenesis was used to disrupt the binding of the cofactor and this converted the cofactor-independent glucose:fructose oxidoreductase into an NAD(P)(H)-dependent glucose dehydrogenase (Wiegert et al., 1997) .
Inspired by these results, we explored the introduction of engineered synthetic cofactor 'swing arms' as a novel means to introducing substrate channeling mechanisms into two unrelated, covalently tethered dehydrogenase enzymes (Fig. 1 ). This provides a new solution to the immobilization of the NAD(H) cofactor for in vitro biocatalysis applications. FDH was decorated with PEGylated NAD(H) and covalently linked to cytosolic malate dehydrogenase (cMDH) using the SpyCatcher-SpyTag system (Zakeri et al., 2012) . The introduction of NAD(H) swing arms to the fused enzymes resulted in the creation of a novel cofactor-independent formate:malate oxidoreductase.
Material and Methods

Materials
Maleimide and carboxylic acid functionalized methoxyl polyethylene glycol (mPEG-COOH) of molecular weight 3.4 kDa was purchased from Nanocs Inc. (Boston, MA, USA). N-hydroxysulfosuccinimide (Sulfo-NHS) was purchased from Thermo Fisher Scientific (New York, NY, USA). HisTrap FF immobilized metal affinity columns were purchased from GE Healthcare (Piscataway, NJ, USA). Amicon centrifugal filters (10 kDa MWCO) were purchased from Milipore Sigma (Burlington, MA, USA). All other chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) or Thermo Fisher Scientific.
Cloning, expression and purification of enzymes
Creation of the FDH-SpyCatcher (FDH-SpyCat) expression plasmid was created in two steps. First, DNA encoding S. cerevisiae FDH was PCR amplified using forward primer (with NdeI restriction site underlined) 5′-AAATTTCATATGTCGAAGGGAAAGGTTTTG-3′ and reverse primer (with BamHI restriction site underlined) 5′-ATATATGGATCCTTTCTTCTGTCCATAAGCTC-3′ from the FDHpTrcHis2-Topo vector (Ozbakir and Banta, 2018) and cloned into the pET-20b(+) vector (Thermo Fisher Scientific). Next, the SpyCatcher DNA sequence was PCR amplified using forward primer (with BamHI restriction site underlined) 5′-ATATATGGATCCTCCGGCGCCA TG-3′ and reverse primer (with SalI restriction site underlined) 5′-AAA TTTGTCGACACCAATATGAGCGTCA-3′ from the SpyCatcher-50.1 plasmid (which was a kind gift from Prof David Baker (University of Washington)) and cloned into FDH-pET-20b(+) vector. The final genetic construct with a C-terminal 6xHis-tag was verified by DNA sequencing. The final DNA and protein sequences can be found in the Supplementary information. The plasmid was transformed into E. coli BL21(DE3) expression cells. For expression, 10 ml of overnight culture was added into 1 L Terrific Broth (TB) media, which included 100 μg ml −1 ampicillin and cells were grown until optical density 600 reached~0.6. Following induction with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside, cells were grown at 25°C for 14-18 h. Cells were harvested by centrifugation at 4°C at 6000 rpm for 8 min. For purification, cell pellets were suspended in a buffer with 20 mM Tris-HCl (pH 7.4), 200 mM NaCl and 20 mM imidazole. Halt TM Protease Inhibitor Cocktail was also added. After sonication, the solution was cleared by centrifugation and the supernatant was applied to HisTrap columns. Elution was performed with 75-500 mM imidazole in 20 mM Tris-HCl (pH 7.4) and 200 mM NaCl. Column fraction purity was assessed using SDS-PAGE and fractions with a single desired band (56 kDa) were pooled and buffer exchanged into 20 mM Tris-HCl, pH 7.4. The gene encoding the codon optimized porcine cMDH enzyme with a FLAG-tag at the N-terminus was synthesized by GenScript. The gene was PCR amplified using forward primer (with NdeI restriction site underlined) 5′-GAGCACCATATGGACTACAAGGACGA TGATGATAAGGG-3′ and reverse primer (with HindIII restriction site underlined) 5′-GAGCACAAGCTTTTAGTGATGGTGATGATG ATGCGCGCTGCTCAGGAACTCGAACGC-3′. The reverse primer introduced a C-terminal 6xHis-tag. The resulting PCR product was digested by NdeI and HindIII and ligated into a NdeI/HindIII-digested pET-20b(+) plasmid creating the pETcMDH-His vector. The final genetic construct, cMDH-His was verified by DNA sequencing. The final DNA and protein sequences as well as the expression, purification and characterization of the cMDH-His enzyme is found in the SI.
To construct SpyTag-cMDH-His (Spy-cMDH), the cMDH gene was PCR amplified with forward primer (with NdeI restriction site underlined) 5′-GAGCACCATATGGGAGCCCACATCGTGATGG TGGACGCCTACAAGCCGACGAAGGGTAGTGGTGAAAGTGG TATGAGCGAACCGATCCGTGTGC-3′ and reverse primer (with HindIII restriction site underlined) 5′-GAGCACAAG CTTTTAGTG ATGGTGATGATGATGCGC-3′. The forward primer introduced the SpyTag peptide (AHIVMVDAYKPTK) followed by a six amino acid linker and replaced the N-terminal FLAG-tag. The PCR product was digested by NdeI and HindIII and ligated into the pET-20b(+) plasmid. The final genetic construct was verified by DNA sequencing. The final DNA and protein sequences can be found in the SI. The resulting plasmid was transformed into BL21(DE3) cells for Spy-cMDH-His expression.
Expression and purification of SpyTag-cMDH were identical to FDH-SpyCat with the only exception of the elution from the HisTrap columns, which was performed with 20-500 mM imidazole in 20 mM Tris-HCl (pH 7.4), and 200 mM NaCl. Fraction purity was also confirmed using SDS-PAGE and those with desired band (39 kDa) were pooled and buffer exchanged into 20 mM Tris-HCl, pH 7.4.
All protein concentrations were measured by absorbance at 280 nM using extinction coefficients (43 360 M −1 cm −1 for FDHSpyCat and 33 000 M −1 cm −1 for Spy-cMDH) calculated from the primary amino acid sequences.
Attachment of maleimide-PEG-COOH to NAD
+ Maleimide-PEG-COOH was coupled to the primary amine group in the adenine moiety of NAD + using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and sulfo-NHS as previously described (Ozbakir and Banta, 2018) . After the coupling reaction, maleimide-PEG-NAD + was buffer exchanged (at least three times) into 20 mM Tris-HCl (pH 7.4) with centrifugal filter units and was used immediately.
Preparation of the multienzyme complex
Purified FDH-SpyCat and maleimide-PEG-NAD + were mixed overnight at 4°C for bioconjugation via cysteine residues on the enzyme and the maleimide functional group of the PEGylated cofactor. Unbound cofactor was washed away with centrifugal filter units (10 kDa MWCO) and SDS-PAGE was used to confirm the attachment. SpyTag-cMDH was then mixed with FDH-SpyCat-PEG-NAD + in equimolar amounts and incubated overnight at 4°C. Unbound SpyTag-cMDH was washed away with centrifugal filter units and the FDH-Spy-cMDH-PEG-NAD + complex was used for activity assays following the confirmation of attachment via SDS-PAGE.
Enzyme kinetics experiments
Kinetic reactions involving FDH-SpyCat, SpyTag-cMDH or FDHSpy-cMDH-PEG-NAD + were conducted in 20 mM Tris-HCl (pH 7.4) buffer at 25°C by following absorbance of OAA at 250 nm (OAA absorbs at 250 nm and a standard curve was produced to obtain an extinction coefficient of 1.63 mM −1 cm −1 ). When soluble NAD(H) cofactor was included, the cofactor concentration was followed by measuring the NADH absorbance at 340 nm (with an extinction coefficient of 6.22 mM −1 cm −1 ) (Ozbakir and Banta, 2018) . Reactions were initiated with the addition of enzyme and run for 20 min. Experiments were performed in triplicate. Initial rate data (where <10% of the initial reactants were consumed) were measured at the different initial reactant concentrations and the unaveraged rate data were fitted to the appropriate kinetic rate equations using the Curve Fitting Tool in Matlab and errors are given as 95% confidence intervals. Methods used to characterize the kinetics of cMDH-His are found in the SI. Statistical comparisons were made using unpaired Student′s t-test.
Results and Discussion
The genes encoding FDH-SpyCatcher and SpyTag-cMDH were expressed in E. coli, and purified using nickel affinity chromatography. SDS-PAGE analysis of the purified enzymes is shown in Fig. 2A (columns 2 and 3). The purified enzymes were mixed in equimolar amounts in order to form the FDH-Spy-cMDH bi-enzyme complex. The band in column 4 of Fig. 2 has an approximate molecular weight of 95 kDa, which is the sum of sizes of individual enzymes (FDH-SpyCat is 56 kDa and SpyTag-cMDH is 39 kDa), suggesting the formation of an amide bond between SpyCatcher and SpyTag.
To confirm the function of the individual enzymes within the bienzyme complex, their kinetic behaviors were explored using soluble NAD(H) as a cofactor that can be recycled between the enzymes. These experiments were initiated with 19 mM formate and 0.5 mM NAD + (both are substrates of FDH). Upon the addition of the FDHSpy-cMDH complex, the FDH activity was confirmed by the formation of NADH ( Supplementary Fig. S1 ). At~400 s, OAA (0.1 or 0.25 mM) was added to the mixture (the substrate of cMDH), leading to a decrease in NADH concentration as it was used by cMDH in the conversion of OAA to malate. The NADH concentration reached a steady state value until the initial OAA was consumed and then the NADH concentration increased due to the excess available formate and the FDH activity. Once the activity of the individual enzymes in the bi-enzyme complex was confirmed, the effectiveness of the NAD(H) swing arms was explored. The swing arms were created using a bifunctional polyethylene glycol (PEG) with maleimide and carboxylic acid end groups. Since FDH is a useful enzyme for regenerating NAD(H) for a number of dehydrogenase enzymes, we chose to immobilize PEG-NAD + on just the FDH-SpyCat side of the complex. In this way, other dehydrogenases could be easily explored in place of cMDH by adding the SpyTag with no further modifications. FDHSpyCat which contains four Cys residues (all in FDH enzyme, Fig. 2B ) was bioconjugated with maleimide-PEG-NAD + ( Fig. 2A, column 5). This sample also contained unconjugated FDH-SpyCat (observed at 56 kDa). The SpyTag-cMDH protein was introduced, resulting in the final form of the NAD(H) swing arm bi-enzyme complex, FDH-Spy-cMDH-PEG-NAD + ( Fig. 2A, column 6 ). This preparation also contained some FDH-Spy-cMDH with unattached PEG-NAD + (at 95 kDa). Examination of the SWISS-MODEL of the enzyme shows that 3 of the four cysteine amino acids are likely available for conjugation (Fig. 2B) . The degree of attachment of NAD + in the SDS-PAGE gel was analyzed with Image J, and the ratio of FDH-Spy-cMDH-PEG-NAD + to FDH-Spy-cMDH was determined to be 0.10, meaning 10% of the protein contained a single tethered NAD + swing arm. Kinetic experiments with the full swing arm bi-enzyme complex were performed with 20 μM enzyme in the reactions, and so this suggests the concentration of tethered cofactor in these reactions is approximately 2 μM. In the future, it should be possible to increase the extent of bioconjugation of the swing arms onto the bi-enzyme complexes as this approach is developed further. The activity of the FDH-Spy-cMDH-PEG-NAD + complex was explored without the addition of soluble NAD(H) to verify the bioavailability of the tethered cofactors. To determine the activity, the consumption of OAA was monitored at 250 nm as the changes in NAD(H) concentrations would be very low. Figure 3 demonstrates the transhydrogenase activity of the new enzyme which now acts as a formate:malate oxidoreductase. These results verify that the PEG tethered NAD(H) is able to serve as a redox mediator that is available to both enzyme active sites. We are not able to determine from this data whether the electron transfer between the active sites is inter-molecular, intra-molecular or a combination of both.
In these experiments, the reactions plateaued to a final OAA concentration after 1600 s. The eQuilibrator calculator (Flamholz et al., 2012) was used to estimate the equilibrium constants for the reactions of the parent enzymes as well as the new bi-enzyme complex (Table I) . These values indicate that neither the parent enzymes nor the transhydrogenase enzymatic reaction should have reached thermodynamic equilibrium, and thus other effects may be responsible for the plateau. The reactants were not depleted, but some cross-reaction of the products or other uncharacterized inhibition or inactivation may be taking place. For the remainder of the studies, initial rates were used where product concentrations can be assumed to be minimal.
Initial rate kinetic data were collected for the new FDH-SpyCat and SpyTag-cMDH proteins before complexation. Both of these enzymes naturally follow the ordered bi-bi kinetic mechanism (Serov et al., 2002; Dasika Santosh et al., 2015) with cofactor binding before substrate (1):
where v is the specific rate, k cat is the maximum forward rate constant, K iA is the dissociation constant for cofactor [A] , K m,A is the Michaelis constant for cofactor [A] and K m,B is the Michaelis constant for substrate [B] . Experiments were performed with constant saturating cofactor concentrations, and this allows (1) to be simplified to (2), which is similar to the Michaelis-Menten equation and is useful for determining the apparent Michaelis constants for the substrates.
For kinetic assays with FDH-SpyCat, the initial concentration of formate varied between 0 mM and 160 mM, and that of NAD + was 1.5 mM. For the assays with Spy-cMDH, the initial concentration of OAA was varied between 0 μM and 100 μM, and that of NADH was 100 μM. The resulting apparent kinetic parameters are tabulated in Table II . Initial kinetic rate data were obtained with the new FDH-SpycMDH-PEG-NAD + transhydrogenase complex without supplementation of soluble cofactors. The initial formate concentrations were varied between 0 mM and 160 mM, and initial OAA concentrations were varied between 0 μM and 100 μM. The specific rate data were fit to the bi-bi ping-pong kinetic rate equation (3):
In this equation, A and B represent the two different reactants (formate and OAA) and Michaelis constants for each reactant are determined (Table III) . Overall the k cat value for the formate:malate oxidoreductase enzyme is significantly decreased (more than an order of magnitude lower than the apparent k cat of FDH-SpyCat from Table II, P < 0.01) and this is unsurprising given the low concentration of cofactor swing arms tethered to the complexes. However, the K m values were close to the apparent values from the uncomplexed enzymes and the differences were not statistically significant. Thus, this approach could be used to create additional new oxidoreductase enzymes with transhydrogenase activity and predictable Michaelis constants.
In order to further explore the impact of the cofactor concentration on the enzyme activity, a simple kinetic model was created to estimate the malate production rate that could be achieved with cMDH and FDH mixed together (untethered) with different initial concentrations of soluble NAD(H). This was used to estimate the NAD(H) concentrations needed to match the malate production rate of the new cofactor-independent formate:malate oxidoreductase enzyme, with all other conditions the same. The details of the model can be found in the SI.
The model was initiated with formate and OAA concentrations at the K m values for the transhydrogenase enzyme (31 mM formate and 58 μM OAA) as well as at ratios of these values above and below the K m concentrations (Fig. 4) . It was found that at the K m values the transhydrogenase operates at the same rate as the two uncomplexed enzymes with 0.82 μM NAD(H). Depending on the initial cofactor concentrations used, this value could vary from 0.5 μM at high initial concentrations to above 1.0 μM at low initial concentrations. This result is roughly consistent with the estimated approximate concentration of NAD(H) (2.0 μM) in the system based on the Image J analysis of the extent of the swing arm bioconjugation.
There is significant interest in developing substrate channeling effects in synthetic multienzyme cascades. Here, we have combined two cofactor-dependent dehydrogenases enzymes into a novel cofactor-independent oxidoreductase enzyme with designed cofactor swing arms. The tethering of the enzymes and the addition of the swing arms does not seem to accelerate the transhydrogenase activity as compared to what would be observed with the uncomplexed system, and thus immobilization of the cofactor near the active sites does not lead to an apparent rate enhancement by substrate channeling, which is consistent with the observations of others (Zhang et al., 2016) . Other steps in the catalytic mechanism remain rate limiting. However, another aspect of natural substrate channeling systems is the sequestration of intermediates from the environment. The installation of synthetic swing arms allows for the cofactor to be sequestered with the tethered enzyme so that the final mechanism is a cofactor-independent transhydrogenase, and thus electrons are transferred between active sites without diffusing into the bulk solution. This system could be easily adapted for various enzymatic biotransformations as reduction reactions could be powered by inexpensive formate oxidation, carbon dioxide will not accumulate in the system, and products will not need to be separated from the cofactors.
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